Amelioration of Head and Neck Radiation-Induced Mucositis and Distant
Marrow Willis, J., Epperly, M. W., Fisher, R., Zhang, X., Shields, D., Hou, W., Wang, H., Li, S., Wipf, P., Parmar, K., Guinan, E., Steinman, J. Squamous cell carcinomas of the head and neck are appearing with increased frequency in both marrow transplanted and non-transplanted Fanconi anemia (FA) patients. FA patients commonly display radiosensitivity of epithelial tissues, complicating effective radiotherapy. Fancd2 -/-mice (C57BL/6J and 129/Sv background) demonstrate epithelial tissue sensitivity to single-fraction or fractionated irradiation to the head and neck and distant marrow suppression (abscopal effect), both ameliorated by intraoral administration of the mitochondrial-targeted antioxidant, GS-nitroxide, JP4-039. We now report that mice of two other FA genotypes, Fancg -/-(B6) and the most prevalent human genotype Fanca -/-(129/Sv), also demonstrate: 1. reduced longevity of hematopoiesis in long-term bone marrow cultures; 2. radiosensitivity of bone marrow stromal cell lines; and 3. head and neck radiation-induced severe mucositis and abscopal suppression of distant marrow hematopoiesis. Intraoral administration of JP4-039/F15, but not nonmitochondrial-targeted 4-amino-Tempo/F15 or F15 alone, prior to each radiation treatment ameliorated both local and abscopal radiation effects. Head and neck irradiated TGF-bresistant SMAD3 -/-(129/Sv) mice and double-knockout SMAD3 -/-Fancd2 -/-(129/Sv) mice treated daily with TGF-b receptor antagonist, LY364947, still displayed abscopal bone marrow suppression, implicating a non-TGF-b mechanism. Thus, amelioration of both local normal tissue radiosensitivity and distant marrow suppression by intraoral administration of JP4-039 in Fancg -/-and Fanca -/-mice supports a clinical trial of this locally administered normal tissue radioprotector and mitigator during head and neck irradiation in FA patients. Ó 2018 by Radiation Research Society
INTRODUCTION
Fanconi anemia (FA) patients often demonstrate significant toxicity from ionizing radiation, attributable to the inactivation of one or more of the 22 genes in the FA pathway, which serve as a scaffold for repair of DNA double-strand breaks (1) (2) (3) (4) (5) . The success of bone marrow transplantation in FA patients reverses the anemia and improves survival in many patients; however, both marrow transplanted and nontransplanted FA patients are increasingly presenting with epithelial cancers, most prominently squamous cell carcinomas of the head and neck region (6) (7) (8) (9) (10) .
FA patients with head and neck squamous cell cancers often require postoperative radiotherapy due to positive resection margins and/or the presence of regional lymph nodes (11) ; however, early-onset and often severe radiationinduced mucositis limits effective treatment (8, 11) .
Amelioration of radiation-induced mucositis in Fancd2
-/-mice has been demonstrated by intraoral administration of mitochondrial-targeted GS-nitroxide, JP4-039, delivered in a formulation that localizes drug to the oral cavity and oropharynx (12) (13) (14) (15) . Furthermore, distant bone marrow suppression (abscopal effect) by head and neck irradiation in Fancd2 -/-mice was also ameliorated by intraoral JP4-039 administration (14, 15) .
In the current studies, we evaluated two other genotypes of FA [Fancg -/-(C57BL/6) (16)] and Fanca -/-(129/Sv) (17) for marrow cell culture radiobiology, head and neck radiation sensitivity and the therapeutic effect of intraoral JP4-039, delivered in a novel F15 emulsion. We measured duration of in vitro hematopoiesis in long-term bone marrow cultures (LTBMC), and the mitomycin-C and ionizing radiation sensitivity of clonogenic hematopoietic and bone marrow stromal cell progenitors. Each FA, heterozygote and control mouse strain genotype received either a single fraction (30 Gy) , or fractionated doses (10 Gy daily 3 4) to the head and neck region using a protocol that reproduces the human oral cavity toxicity of standard postoperative fractionated radiotherapy (14, 15) . Subgroups of mice received JP4-039/F15, non-mitochondrial-targeted 4-amino/Tempo/F15 or the F15 formulation alone prior to each fraction. Oral cavity radiation-induced toxicity was quantitated by the severity of the histopathologic mucositis, elevation of TGF-b RNA transcripts and protein, and abscopal suppression of distant femur marrow hematopoietic colony-forming progenitor cells. We measured the possible reduction of abscopal marrow suppression by abrogation of TGF-b signaling in SMAD3 -/-mice and in other mice treated with a TGF-b receptor antagonist that blocks TGF-b signaling in bone marrow stromal and hematopoietic cells. The results demonstrate that (similar to Fancd2 -/-mice) both Fancg -/-and Fanca -/-mice are sensitive to head and neck radiation exposure and induced abscopal marrow suppression. Furthermore, intraoral administration of JP4-039 reduces both of these local and distant radiation toxicities.
MATERIALS AND METHODS

Mice and Animal Care
Fancg -/-mice were derived by breeding heterozygote pairs of Fancg þ/-mice (16) (C57BL/6J background). Fanca -/-mice, derived by breeding homologous deletion recombinant-negative (knockout) mice directly as described elsewhere (17) , were generously provided by Dr. Markus Grompe (Oregon Health Sciences Center, Portland, OR).
SMAD3
-/-(129/Sv background) mice (18) were obtained from Jackson Laboratory (Bar Harbor, ME). Animals were housed 4 per cage according to IACUC protocols and fed standard laboratory chow and deionized water. Double-knockout [SMAD3 -/-(129/Sv)/Fancd2 -/-(129/Sv)] mice were derived by breeding double heterozygotes from the crossing of each single-knockout mouse strain and each pup was genotyped by a polymerase chain reaction (PCR). To obtain the 20 double-knockout mice required for the experiments, 655 pups from double heterozygote matings were genotyped.
Long-Term Bone Marrow Cultures
The contents of femur and tibia from four of each knockout mouse strain (eight cultures), as well as each heterozygote and positive control wild-type littermate mouse were flushed into a 40-cm square plastic flask (Corningt Inc., Corning, NY) in media containing 25% fetal calf serum, 10 -5 M hydrocortisone hemi-succinate, and antibiotics according to previously published methods (13) . Cultures were maintained in a high CO 2 atmosphere and media was changed weekly with removal of nonadherent cells according to methods described elsewhere (13) .
Hematopoietic Colony-Forming Assays
Nonadherent cells from long-term bone marrow cultures or single cell suspensions of fresh bone marrow were assayed for multilineage colony-forming unit-granulocyte, erythroid, megakaryocyte, macrophage (CFU-GEMM) in Iscove's medium supplemented with hematopoietic growth factors (including IL-7, G-CSF, GM-CSF, IL-6, IL-11 and erythropoietin; Terry Fox Laboratories, Vancouver, Canada) in 0.8% methylcellulose containing Iscove's medium. Colonies 50 cells were scored on days 7 and 14, as described elsewhere (13) . Results are presented as mean and standard error of at least six colony plates of 10 4 cells/plate (13) . Colonies of committed granulocyte-macrophage cells, CFU-GM, were smaller in size at days 7 and 14 and were scored separately (13) .
Derivation of Clonal Bone Marrow Stromal Cell Lines and Interleukin-3 (IL-3)-Dependent Hematopoietic Progenitor Cell Lines
Nonadherent cells from 4-week-old LTBMCs were subcultured in suspension in Iscove's medium containing 15% fetal bovine serum, antibiotics and 100 lg/ml recombinant murine IL-3. Cultures were split weekly, and clonal cell lines derived and maintained in IL-3 according to methods described elsewhere (13) .
For deriving adherent stromal cell lines, 4-week-old LTBMCs of each genotype were trypsinized, and the adherent layer was subcultured in Dulbecco's modified Eagle's medium containing Figs. S1 and  2, and Tables S1-10). 10% fetal bovine serum. Adherent stromal cell lines were subcultured weekly, and after eight weeks, clonal sublines were derived by subculture in 96-well plates using a single cell depositor and confirmation was obtained by observation of a single cell per well in each plating. Single cell-derived clonal lines were passaged according to methods described elsewhere (13) .
Clonogenic Radiation Survival Curves In Vitro
Fresh bone marrow, IL-3-dependent cell lines or bone marrow stromal cell lines were irradiated, using a JL Shepherd IV irradiator (San Fernando, CA), at 70 cGy per min receiving doses ranging from 0-800 cGy. Cells were plated in colony assay (semisolid media for fresh bone marrow or IL-3-dependent cell lines) supplemented with hematopoietic growth factors as described above, and bone marrow stromal cell lines were plated in media supplemented with 10% fetal calf serum on nonadherent surfaces. Colonies of 50 cells were scored at day 7-10 according to published methods (19) . Every experiment was repeated at least three times with six cultures scored per radiation dose per experiment. Results are presented as the mean of at least three experiments using single-hit/multi-target and linearquadratic models according to previously published methods (19) . D 0 is defined as dose required to reduce the surviving fraction to 37%. ñ is defined as the back extrapolation to the y axis of the final linear portion of the survival curve using a log-(y axis) to-linear [horizontal axis for radiation dose (Gy)] plot.
Mouse Head and Neck Irradiation
The head and neck region (full-body shielded) of mice from each genotype were irradiated using a Varian 6 MV linear accelerator, at a dose rate of 200 cGy/min, according to previously published methods (15) . Groups of mice received a single 30 Gy fraction, and other groups received 10 Gy daily fractions for four consecutive days. Mice were immobilized and irradiated while under Nembutal anesthesia as described elsewhere (14, 15) . Lower single-or fractionated radiation doses did not induce mucositis (14, 15) .
Oral Administration of Radiation Protector/Mitigator Drugs
Immediately prior to receiving each head and neck fraction, mice received intraoral administration of 100 ll of one of the tested drugs. Subgroups of mice (n ¼ 20, for each of two replicate experiments) were comprised of the following: nonirradiated control, irradiation only and subgroups receiving each of three drug formulations immediately prior to each radiation fraction (JP4-039/F15 at 20 mg/ kg, 4-amino-Tempo/F15 at 20 mg/kg or F15 alone), all standardized in a 100-ll volume (15) . The components and preparation of F15 liposome-emulsion and dispersion of drugs within the emulsion by sonication have been described in detail elsewhere (14, 15, 20, 21) . Drug administration was performed on non-anesthetized mice using a 1-ml insulin syringe with no needle.
Real-Time Polymerase Chain Reaction (RT-PCR) Analysis of RNA Transcripts
Tongue tissue was removed from mice of each strain and prepared for RT-PCR as described elsewhere (14, 15) . Tongue tissue was obtained from the nonirradiated controls, irradiation-only group and the irradiated group pretreated with JP4-039/F15, 4-amino-Tempo/F15 or F15. Tissue was harvested at day 5 after the final fraction. Tissue from each mouse was individually homogenized and RNA extracted using TRIzolt reagent (Invitrogene, Carlsbad, CA). A total of 2 lg of RNA was used to synthesize cDNA in a 20-ll reaction system, according to the instructions for the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystemst, Carlsbad, CA) with the reaction conditions of 40 cycles of 958C (denaturation) for 15 s and 608C (annealing and elongation) for 1 min using the Mastercyclert RealPlex2 (Eppendorf Inc., Westbury, NY) (15) .
The RT-PCR analysis was performed to measure radiationinducible transcripts for TGF-b (15 The RT-PCR reaction conditions were as follows: 96-well plates were prepared with 10 ll of TaqMant Gene Expression Master Mix, 5 ll of RNase-free water, 1 ll of the corresponding TaqMan Gene Expression probe and 4 ll of cDNA (totaling 2 lg of cDNA) using the Eppendorf epMotiont 5070 automated pipetting system. PCR amplification of the GAPDH gene was used as the housekeeping gene. Expression of TGF-b and GAPDH was determined by RT-PCR and data were presented as fold increase over baseline level for each genotype in nonirradiated control mice.
Histopathology of Oral Cavity Tissues
Tongue tissue was removed from irradiated mice at multiple time points and prepared for microscopic evaluation by fixation in 10% formalin/saline. Sections were evaluated for mucositis, as defined by thinning or loss of the epithelial layer of the tongue tissue by examination of 10 high-power microscopic sections per tongue per animal, as previously described elsewhere (15) . Each section was evaluated from the dorsal, ventral and lateral side of the tongue for every animal. At least five animals for each time point for each mouse genotype were evaluated. Results were presented as percentage of tongue showing mucositis. Mucositis was quantitated as previously described elsewhere (15) . Briefly, mucositis was indicated with thinning of the keratinizing epithelium and destruction of the superficial squamous layer. Microtome artifact tearing of the keratinizing layer was avoided in the scoring process.
Paraffin sections (5 lm) were stained with hematoxylin and eosin (H&E). The H&E stained slides were scored for percentage ulceration, blinded, by two observers (15) . For each genotype, at least five tongue specimens with six sections per tongue (100 microscopic fields per section) were scored per condition. Mucositis was quantitated as percentage ulceration using LabWorks Image Acquisition and Analysis Software (UVPt, Upland, CA) (15) . Data was presented as mean percentage mucositis 6 standard deviation (15) . Comparisons between groups were made using the two-sided two-sample t test. Significance was considered at P , 0.05.
TGF-b Protein Levels in Plasma
Blood was collected from the Fancg and Fanca mice at the time when the oral cavity tissue was harvested, as described above. The blood was collected in EDTA tubes (BD Microtainert Tubes with K2E; Becton, Dickinson and Co., Franklin Lakes, NJ), placed on ice, centrifuged at 10,000 rpm for 10 min and the plasma collected and frozen at -808C. Plasma TGF-b protein concentration was determined by analyzing 12.5 ll of plasma by Luminext following the manufacturer's protocol using a TGF-B Luminex Assay Kit (MilliporeSigma, Burlington, MA) on a MAGPIXt Luminex instrument (Luminex Inc., Austin, TX).
Administration of TGF-b Receptor Antagonist LY364947
TGF-b receptor antagonist LY364947 was administered (25 mg/kg) (22) daily for 5 days, beginning 1 h prior to a single 30 Gy dose, by intraperitoneal (IP) injection of 100 ll stock solution [phosphate buffered saline (PBS), 5 mg/ml]. Previously reported studies have demonstrated that IP injection of 10 mg/kg every two days (in 100 ll) for 80 days to C57BL/6 mice blocked TGF-b signaling and effectively reversed the TGF-b-mediated progression of chronic myeloid leukemia by reducing numbers of TGF-b-dependent leukemiainitiating cells in vivo (22) . In other experiments, mice were administered LY364947 daily for 5 days, then sacrificed, and bone marrow was removed from the femur and tibia and assayed in vitro for abrogation of each of the five signal transduction pathways of the TGF-b stimulated response.
TGF-b Administration to Head and Neck Irradiated Fancg
-/-and Fanca -/-Mice
Mice received 2 lg TGF-b (PeproTecht, Rocky Hill, NJ) prepared as follows: 100 lg TGF-b was dissolved in 500 ll PBS, frozen in 10 ll aliquots, which were diluted 1:100 in PBS and 100 ll was IP injected to deliver 2 lg daily (36) on days 1, 2, 3, 4 and 5 after 30 Gy head and neck irradiation.
Measurement of Five TGF-b Signaling Pathways
Bone marrow stromal cell lines from Fancg -/-and Fanca -/-and control mice of each background strain (C57BL/6 and 129/Sv, respectively) were assayed for each of five TGF signaling pathways (28) . Bone marrow from Fanca -/-and Fanca þ/þ mice was freshly removed after 5 days of daily treatment with LY364947 (25 mg/kg in 100 ll PBS IP injection). Marrow was explanted and assayed for CFU-GEMM in colony assay. Each marrow sample was assayed for TGF-b signaling in five pathway assays, as described elsewhere (28). 
þ/-and Fanca þ/þ marrow stromal cell lines were treated in vitro with 100 lM LY364947 for 24 h and then washed in serum-free media and treated with TGF-b 100 lM, then assayed 2 h later for signaling in each of the five TGF-b pathways as described elsewhere (28, 35) .
Western blot analysis was performed for confirmation of each intact or blocked TGF-b signaling pathway, as described elsewhere (28, 35) . Briefly, in the first canonical pathway, TGF-b binding to the TGF-b receptor results in phosphorylation of SMAD3; therefore, a measurement of phosphorylation-SMAD3 (P-SMAD) was performed. In the four noncanonical pathways, TGF-b binding also results in phosphorylation of TGF-b receptor type 1 and type 2, and along with Shc, activates the second erk pathway. This second pathway results in the phosphorylation of erk, which was measured as phospho-ERK (P-ERK). In the third pathway, binding of TGF-b to its receptor and the subsequent interaction with TRAF6 activates JNK and p38 kinase, which is detected by measuring phosphorylation of p38 or JNK, and we measured P-JNK (28) . The fourth pathway involves TGF-b activation of the mTOR pathway through P13K, AKT, mTOR and phosphorylation of S6K measured as P-S6K. We performed Western blot analysis of P-S6K (28) . TGF-b also activates a fifth RhoA kinase GTPase pathway, which requires phosphorylation of PAK and is detected by Western blot analysis using an antibody to P-PAK (28) . Reagents used included antibodies to the following: phospho-Smad3 and phospho-p38 (Cell Signaling Technologyt, Danvers, MA), p-ERK and p-JNK, as well as actin (Santa Cruz Biotechnologyt Inc., Dallas, TX), phospho-S6K and phospho-PAK (Abcam, Cambridge, MA).
Statistical Evaluation
Data analysis for LTBMC was performed according to methods reported elsewhere (13) . Briefly, we measured weekly cobblestone island numbers, nonadherent cell numbers, percentage confluence of adherent cells, day 7 colony-forming cells at each weekly harvest and day 14 colony-forming cell counts at each weekly harvest. Data were summarized as mean 6 standard error (SEM), and P values were calculated at each week using one-way analysis of variance (ANOVA) followed by Dunnett's multiple comparison tests (46) . The in vitro radiation survival curves were analyzed with the singlehit multitarget model, and were compared between groups by calculating D 0 (final slope representing multiple-event killing), and ñ (extrapolation number measuring width of the shoulder on the radiation survival curve) for each curve (19) . Results for D 0 and ñ are presented as the mean 6 SEM from measurements with five separate experiments. The analysis of percentage tissue damage and colony assays for hematopoietic cells was performed as previously described elsewhere (13) . In all these experiments and other experiments, comparisons between each group and the control groups (i.e., Fancg þ/þ , Fancg þ/-and irradiation only where applicable) were also performed with ANOVA followed by Dunnett's tests.
For all cell culture experiments, as well as data analysis of oral cavity histopathology, the comparison between groups was done with ANOVA followed by Dunnett's multiple comparison test. The P values shown are Dunnett's adjusted and P , 0.05 is regarded as significant. All mice were studied individually.
Evaluation of the effect of JP4-039/F15 compared to irradiation alone, and each of the other treatment groups (F15 alone, F15/4-amino-Tempo compared to irradiation) was performed using Tukey's test. In addition, each treatment group was compared with each other. As shown in the bar graphs of Figs. 4C and D, 5C and D, 6 and 7, there was a significant effect in a treatment group compared to irradiation alone. Results of three comparisons, including those that were not significant, are shown in the legend for that figure for each genotype in the same order for every figure (þ/þ first, followed by þ/-, then-/-) whether Fancg or Fanca.
For evaluating the effect of JP4-039/F15 on ameliorating radiationinduced distant marrow suppression by marrow hematopoietic colonyforming units, ANOVA followed by Tukey's test was used. Here, each treatment group was compared to the nonirradiated control group. Significant differences can be seen in each of the bar graphs in ) were maintained and fed as described elsewhere (13) . We harvested nonadherent cells from eight cultures per genotype, and cell counts were performed for each culture separately. Then, harvested cells were pooled from each group of eight. The pooled cells from eight cultures per genotype were used in CFU-GEMM assays, as described in Materials and Methods. The data for the cumulative production of day 14 CFU-GEMM for each FA genotype and each heterozygote and control mouse strain are shown in Fig. 1 . As in previously published studies with Fancd2 -/-mouse LTBMCs (13, 15) , both Fancg -/-and Fanca -/-marrow showed exhaustion of production of colony-forming cells earlier in vitro compared to other groups, reflecting a decreased capacity for prolonged hematopoiesis, and were consistent with the FA patient phenotype of hematopoietic failure. The other parameters of hematopoiesis in LTBMCs are shown for Fancg -/-and controls in Supplementary Fig. S1 and Tables S1-S5 (http://dx.doi.org/10.1667/RR14878.1.S1) and for Fanca -/-mouse LTBMCs and controls in Supplementary  Fig. S2 and Tables S6-S10. Table 1 ). The differences between survival curves were largely seen both in the D 0 , which is the dose required to reduce clonogenic survival by 37%, and in the ñ , which reflects the shoulder on the curve. The D 0 for Fanca -/-marrow stromal cell lines was 2.16 6 0.24 compared to 2.13 6 0.22 for the Fanca þ/þ marrow stromal cell lines. In contrast, the ñ showed significant radiosensitivity of the Fanca -/-cell line, ñ ¼ 2.03 6 0.34, compared to that for the Fanca þ/þ marrow stromal cell line (ñ ¼ 5.67 6 1.36) P ¼ 0.0269. The Fancg -/-mouse marrow stromal cell line also showed significant radiosensitivity, but reflected in the D 0 ¼ 1.06 6 0.01 compared to the Fancg þ/þ marrow stromal cell line D 0 ¼ 1.74 6 0.12 (P ¼ 0.0001). These results confirm and extend previously published studies showing radiosensitivity of bone marrow stromal cell lines derived from Fancd2 -/-(C57BL/6) (13) and Fancd2 -/-(129/Sv) (14) LTBMC and extend these findings to two additional FA genotypes (Table 1) . (Table 1) . These data confirm and extend the finding of radioresistance of clonogenic IL-3-dependent hematopoietic cell line and fresh marrow CFU-GEMM obtained from Fancd2 -/-mice (13-15).
Radiosensitivity of Bone Marrow Stromal Cell Lines
While the results by clonogenic survival curve analysis (D 0 and ñ) ( Table 1) showed radiosensitivity of bone marrow stromal cell lines, and radioresistance of both IL-3-dependent cell lines and fresh marrow CFU-GEMM, actual survival curves were in many cases indistinguishable between groups for survival above 10%. The pragmatic consequence of the apparent differences in radiation survival curves was consistent with the phenotypic differences in total-body-irradiation (TBI) sensitivity of organs and tissues in vivo of Fancg -/-mice (16) and Fanca 
FIG. 7. Amelioration of radiation-induced elevation of TGF-b in plasma of Fancg
-/-and Fanca -/-mice (panels A and B, respectively) after single-fraction head and neck irradiation. Plasma was removed at day 5 after head and neck irradiation of each group of mice (n ¼ 5). Plasma was prepared for protein evaluation by Luminex assays as described in Materials and Methods. Results are expressed as picogram protein/12.5 ll plasma and compare levels of protein in each treatment group with that of the irradiated groups (n ¼ 5 mice/ group). Five marrow specimens were assayed individually for 5 mice and the value shown is the mean 6 SEM for each five specimens from 5 mice/group. In panel A, for JP4-039 compared to 30 Gy, *P ¼ 0.0411, *P ¼ 0.0196; for JP4-039 compared to 30 Gy þ F15, observations on the in vivo sensitivity of mice receiving the same dose of TBI.
Mitomycin-C Sensitivity of Fancg -/-and Fanca -/-Bone Marrow Stromal Cells
One diagnostic criterion for Fanconi anemia in both animal models and in patients is cellular sensitivity to the DNA crosslinking agent mitomycin-C (1). Bone marrow stromal cell lines from Fancg -/-and Fanca -/-mouse bone marrow cultures, as well as heterozygote and controls of each genotype, were tested for mitomycin-C sensitivity in vitro using the clonogenic survival curve assay. As shown in Fig. 3 , both Fancg -/- (Fig.  3A) and Fanca -/- (Fig. 3B ) marrow stromal cell lines were sensitive to mitomycin, each compared to its respective control line, Fancg þ/þ and Fanca
, respectively (P , 0.0001 and P , 0.0001). These results establish that mitomycin-C sensitivity, as well as ionizing radiation sensitivity, assayed in clonogenic survival curves, was greater in Fancg -/-and Fanca -/-marrow stromal cell lines compared to heterozygote, or wild-type control cell lines of each FA genotype.
Increased Radiation-Induced Oral Cavity Mucositis in Both Fancg -/-and Fanca -/-Mice is Ameliorated by Intraoral Administration of GS-Nitroxide, JP4-039
Mice of each genotype were immobilized according to methods described elsewhere (14, 15) , and received head and neck exposure to either a single 30 Gy fraction or daily 10 Gy fractions for four days. Mice were treated on a 6-MV linear accelerator and only the head and neck region was irradiated (15) .
The Fancg -/-mouse oral cavity demonstrated increased radiation-induced mucositis compared to that detected in Fancg þ/-or Fancg þ/þ mice ( Fig. 4A-D) . Both single fraction ( Fig. 4A and C) and fractionated irradiation ( Fig. 4B and D) experiments demonstrated increased mucositis in Fancg -/-tissue compared to that in control genotypes. In each experiment, those Fancg -/-mice treated with JP4-039/F15 demonstrated a significant reduction in percentage mucositis compared to those receiving non-mitochondrial-targeted 4-amino-Tempo/F15 or F15 alone (Fig. 4) .
The results for Fanca -/-mice that received either a single dose or fractionated doses to the head and neck were similar to the results for Fancg -/-mice (Fig. 5 ). There was significantly increased mucositis in Fanca -/-mice after a single fraction (Fig. 5A and C) and fractionated doses ( Fig.  5B and D) to the head and neck. We detected a significant reduction in radiation-induced mucositis by treatment with JP4-039/F15, but not by treatment with 4-amino-Tempo/ F15 or F15 alone (Fig. 5) .
We evaluated oral cavity tissue for TGF-b RNA levels, as well as plasma for TGF-b levels in head and neck irradiated Fanca -/-and control Fanca þ/þ mice and in Fancg -/-and control Fancg þ/þ mice. These studies were performed to 
Notes. There was a significant increase in TGF-b mRNA in tongue tissue (fold increase over baseline) (Fig. 6) , and TGF-b protein in plasma was also elevated by radiation exposure (Fig. 7) . The elevated levels of cellular TGF-b mRNA and plasma protein that were induced by radiation were modulated downward by intraoral JP4-039/F15 treatment Bone marrow was explanted at day 5 after the final irradiation in both the single dose and fractionated doses experiments. Marrow was plated in the CFU-GEMM assay and colonies scored at days 7 and 14, as described in Materials and Methods.
As shown in Fig. 8 , the Fanca -/-( Fig. 8A and B) , and Fancg -/- (Fig. 8C and D) mice in both radiation protocols demonstrated significant suppression of distant femur marrow colony-forming progenitor cells. The level of suppression in mice of each FA genotype was greater than the level detected in the heterozygote, or control mice of each genotype (Fig. 8) . The statistical significance of the improved level of CFU-GM in the group treated with JP4-039 after irradiation was compared to the irradiation alone group. Mice in each radiation protocol receiving JP4-039/ F15, but not control 4-amino-Tempo/F15 or F15 alone, showed significant restoration of distant bone marrow colony-forming progenitor cell numbers (Fig. 8) . These results establish that there was an improvement in CFU-GM numbers in the marrow of both Fancg -/-and Fanca -/-mice treated with intraoral JP4-039 compared to that observed with irradiation alone. They also extend the effectiveness of JP4-039/F15 as a radiation protector and mitigator observed for a Fancd2 -/-[C57BL/6J (15) and 129/Sv genetic background (14) ] to the irradiated oral cavity of both Fancg -/-and Fanca -/-mice. -/-(129/Sv) mice (18) . SMAD3 -/-mice display abrogation of the canonical TGF-b signaling pathway and absence of radiation-induced late tissue fibrosis (24, 25) and show reduced migration of bone marrow stromal cells into the irradiated lungs (26, 27) . SMAD3 -/-mice that received head and neck irradiation displayed persistent distant bone marrow suppression of CFU-GM (Fig. 9A) , and the more primitive multilineage CFU-GEMM cells (Fig. 9B) at day 5 postirradiation. The level of suppression was of a magnitude equivalent to that seen with wild-type control mice (129/Sv background) (Fig.  9) . We next tested SMAD3 -/-(129/Sv) Fancd2 -/-(129/Sv) double-knockout mice for head and neck radiation-induced marrow suppression at day 5 after 30 Gy irradiation. These double-knockout mice, with both absent canonical TGF-b signaling and Fancd2 protein, also demonstrated abscopal bone marrow suppression (Fig. 9) . Thus, the absence of the canonical TGF-b signaling pathway through SMAD3 did not abrogate the distant abscopal bone marrow suppression by head and neck irradiation in SMAD3 -/-or SMAD3 bone marrow stromal cell lines were washed in serum-free media and incubated in serum-free media, then treated with 100 lM TGF-b alone, 100 lM LY364947 alone or LY564947 for 24 h followed by TGF-b. We assayed each of the five TGF-b signaling pathways by Western blot, as described in Materials and Methods, and the results are shown for Fancg -/-and Fanca -/-and control cell lines in Fig.  10A and B, respectively.
Abscopal Distant Bone Marrow Suppression is Observed in
The data showed that all five pathways of TGF-b signaling were reduced by preincubation of cells in 100 lM LY364947 prior to adding 100 lM TGF-b in vitro to Fancg -/-and control (Fig. 10A) or Fanca -/-and control cell lines (Fig. 10B) . With no added TGF-b, the baseline control levels of signaling in the P-ERK, P-S6K and P-PAK pathway for cell lines were not reduced to zero. Since these pathways are involved in other non-TGF-b signaling events, this result was expected (28) . Each of the five known TGFb signaling pathways was induced by TGF-b (28), and each was blocked by the TGF-b receptor binding inhibitor, LY364947.
We next tested the effect of LY364947 on TGF-b signaling in vivo. We administered the TGF-b receptor antagonist LY364947 intraperitoneally to Fanca -/-and control Fanca þ/þ mice daily for 5 days beginning 1 h after a single 30 Gy dose to the head and neck region. Then, we quantitated the level of abscopal distant marrow suppression. Explanted marrow from mice of each genotype after LY364947 treatment in vivo was washed in serum-free media, then evaluated for level of abrogation of TGF-b signaling by each of the five pathways (Fig. 10C) . As with the bone marrow stromal cell lines that were established from control 129/Sv Fanca þ/þ , as well as Fanca -/-mice, the data with freshly explanted marrow showed that LY364947 reduced TGF-b signaling in each of the five TGF-b pathways. Baseline control levels of P-JNK and P-PAK in freshly explanted marrow were not reduced to zero and may reflect that some non-TGF-b signaling pathways were still active. As with cell line data, fresh marrow showed increased activity in all five pathways after adding TGF-b, and the level was reduced by LY364947 ( Supplementary  Fig. S4 ; http://dx.doi.org/10.1667/RR14878.1.S1).
We next evaluated the CFU-GEMM numbers in the distant marrow of head and neck irradiated, LY364947-treated mice. There was no significant abrogation of head and neck radiation-induced distant bone marrow suppression, when LY364947 was given to either Fanca -/-or control Fanca þ/þ mice (Fig. 11) . These results establish that LY364947 inhibited all five TGF-b signaling pathways in both Fancg -/-and Fanca -/-and control cell lines in vitro and in Fanca -/-and control bone marrow in vivo. Therefore, inhibition of all TGF-b signaling pathways by the TGF-b receptor antagonist, LY364947, did not abrogate distant bone marrow suppression after head and neck irradiation.
Administration of TGF-b does not Exacerbate Abscopal Marrow Suppression Induced by Head and Neck Irradiation
To confirm that TGF-b released by irradiated head and neck tissue was not solely responsible for the distant marrow suppression seen in FA mice, we treated Fanca
and Fanca -/-mice, as well as Fancg -/-and Fancg þ/þ mice with head and neck 30 Gy irradiation, or no irradiation. We administered 2 lg/day of TGF-b daily for 5 days to subgroups of each genotype according to published methods (36) . We then quantitated numbers of CFU-GM in femur and tibia marrow at day 5. The results showed no further abscopal distant marrow suppression by administration of TGF-b to head and neck irradiated mice compared to that level of suppression seen in head and neck irradiated mice not administered TGF-b (Fig. 12 ). There was, in fact, a stimulation of marrow hematopoietic progenitor cell numbers in both Fancg -/-and Fanca -/-mice by administering five daily injections of TGF-b (Fig. 12) . The data support the conclusion that the distant abscopal marrow suppression observed in head and neck irradiated Fanca -/-mice was mediated by a humoral factor other than TGF-b.
DISCUSSION
The current results show radioprotection by intraoral JP4-039/F15 in head and neck irradiated Fancg -/-mice (C57BL/ 6 background) and Fanca -/-mice (129/Sv background) and provide further evidence that mitochondrial-targeted antiapoptotic small molecules can ameliorate radiation-induced acute normal tissue damage in FA (12) (13) (14) (15) . The mitochondrial-targeted GS-nitroxide, JP4-039, but not the unspecific 4-amino-Tempo, or F15 formulation alone, has been previously shown to decrease radiation-induced apoptosis of the oral cavity of Fancd2 -/-mice in two background mouse strains (C57BL/6 and 129/Sv) (14, 15) . The current data extend the radioprotection of the oral cavity and abrogation of distant marrow suppression by JP4-039 to Fancg -/-and Fanca -/-mouse genotypes, which represent other groups of FA patients with genetic defects in components of the core-complex of FA proteins and include the most common Fanca -/-patients (1, 2, 17, 29-32). Both Fancg -/-and Fanca -/-mouse strains showed significant normal tissue, radiosensitivity, susceptibility to radiation mucositis, reduced long-term marrow hematopoietic cell culture longevity, and both mitomycin-C, and ionizing radiation sensitivity of bone marrow stromal cell lines. Radiation mucositis and distant femur marrow suppression were ameliorated by intraoral JP4-039/F15 in both Fancg -/-and Fanca -/-mouse strains. Several experiments indicated that TGF-b elevation by radiation was not solely responsible for the abscopal effect. TGF-b resistant SMAD3 -/-(129/Sv) mice that received head and neck irradiation still showed distant marrow suppression. Marrow suppression by head and neck irradiation was not reduced in Fanca -/-mice by the TGF-b receptor antagonist LY364947, which blocked all TGF-b signaling pathways. TGF-b administration to control nonirradiated mice did not suppress distant marrow colony-forming progenitor cell numbers nor did TGF-b administration to head and neck irradiated Fancg -/-and Fanca -/-mice exacerbate the level of detectable radiation-induced marrow suppression.
We applied two experimental models to determine whether elevated levels of TGF-b mediated the abscopal marrow suppression in head and neck irradiated Fanca -/-(129/Sv) mice showed significant distant bone marrow suppression. The double-knockout mouse strain we tested had absence of both SMAD3 -/-and Fancd2 -/-and were syngeneic on the 129/Sv background (18) common to both the previously reported Fancd2 -/-(129/Sv) mice (14) , and the current Fanca -/-(129/Sv) mice. Thus, the absence of an intact canonical TGF-b signaling pathway through SMAD3 (30) did not abrogate the abscopal marrow suppression from head and neck irradiation.
The results with the TGF-b receptor antagonist LY364947 were particularly interesting with respect to the potential use of TGF-b inhibitors as radiation protectors or radiation mitigators. TGF-b has been implicated as causal in both acute radiation effects ranging from the hematopoietic syndrome of total-body irradiation, to the acute radiation pneumonitis in thoracic radiotherapy patients (41) (42) (43) . TGF-b has also been implicated as involved in late radiation effects, predominantly radiation fibrosis, which does not occur in SMAD3 -/-mice (24, 25) , and TGF-b levels have been correlated with the onset of radiation fibrosis in clinical radiotherapy patients (44) . In this regard, multiple categories of TGF-b inhibitors have been described (44) receptor binding proteins (43) , TGF-b receptor antagonists (45) , and several new small molecule drugs (46) have been reported. The LY364947 (37) drug is novel in its action on multiple TGF-b signaling pathways. LY364947 has been shown to inhibit the TGF-b receptor 1 kinase and block the phosphorylation of SMAD2 and SMAD3 (38) . LY364947 also inhibits the phosphorylation of ERK 1/2 (39) and AKT (40) by TGF-b stimulation, which are two of the noncanonical TGF-b pathways (28) . By blocking the phosphorylation of SMAD3, ERK 1/2 and AKT, there is also an inhibition of the epithelial-mesenchymal transition (EMT) and the nuclear localization of the forkhead O transcription factors (FOXO) (38, 40) . In our studies, adding five daily IP injections of TGF-b to head and neck irradiated or nonirradiated Fancg -/-or Fanca -/-mice neither induced nor exacerbated abscopal marrow suppression, and was in fact stimulatory of hematopoietic progenitor cell numbers in distant bone marrow of both Fancg -/-and Fanca -/-mice. The stimulatory effect of TGF-b on some subsets of marrow hematopoietic progenitor cells has been previously reported (47, 48) .
Thus, intraoral JP4-039 amelioration of head and neck radiation-induced abscopal marrow suppression was not detectable after genetic or pharmacologic inhibition of TGFb signaling. The molecular mechanism of radiation-induced abscopal distant bone marrow suppression remains unknown, but may include other categories of humoral factors released by irradiated tissues, including nucleic acids, oxidized lipids and small molecule inhibitors of hematopoiesis.
Previously published studies have demonstrated decreased competitive repopulation capacity of bone marrow hematopoietic progenitor cells in Fancd2 -/-mice (33). The current assays did not measure true totipotential marrow stem cells, which reconstitute all cell lineages of myeloid and lymphoid hematopoiesis (33) . An assay for abscopal suppression of the true primitive marrow stem cell population would require the competitive repopulation assay (35), which was not done in the current studies. The current data suggest that the radiosensitivity of cells of the bone marrow microenvironment (bone marrow stromal cells, mesenchymal stem cells) can overcome the radioresistance of hematopoietic progenitor cells (13, 14, 34 ). An indirect effect of radiosensitive stromal cells on the hematopoietic cells of FA patients may explain the relative ease of engraftment of donor ''normal'' hematopoietic progenitor cells into FA patients, since donor cells do not display the same sensitivity to TGF-b (23, 34) . Different target cell subsets and different experimental conditions may have produced different results with respect to the hyperactive TGF-b signaling pathway in FA patients (23) . The hyperactive TGF-b response pathway in FA patients and mouse models may explain the anemia associated with aging as a continuous and chronic process (23) . Furthermore, abscopal marrow suppression of committed hematopoietic progenitors observed in head and neck irradiated FA mice in the current and previous studies (14, 15) may involve humoral factor(s) other than TGF-b.
The current results have broad implications with respect to potential use of JP4-039 as a radiation countermeasure and also for its use to facilitate a safe radiotherapy in radiosensitive patients. With respect to radiation countermeasures, it appears that JP4-039 can be used safely in radiosensitive victims of radiation terrorism, or after unintended total-body exposure (8) . In the area of clinical radiotherapy, radiosensitive patients, including those with Fanconi anemia, may be unable to receive effective radiotherapy doses because of their reduced normal tissue tolerance. While not all FA patients suffer early or severe mucositis from head and neck radiotherapy, JP4-039 administration as a radiation protector/mitigator during fractionated head and neck radiotherapy should be considered as safe and practical. The current studies support a clinical trial to investigate the potential use of JP4-039 as a clinical oral cavity radioprotector in FA patients and for the general population of head and neck radiotherapy patients, who may be treated in protocols that include radiation dose escalation for locally advanced or recurrent head and neck cancer. Fig. 10A and B, respectively, and for Fanca bone marrow shown in Fig.  10C .
